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Existing evidence of plant phenological change to temperature increase demonstrates that the phenological
responsiveness is greater at warmer locations and in early-season plant species. Explanations of these
findings are scarce and not settled. Some studies suggest considering phenology as one functional trait
within a plant’s life history strategy. In this study, we adapt an existing phenological model to derive a
generalized sensitivity in space (SpaceSens) model for calculating temperature sensitivity of spring plant
phenophases across species and locations. The SpaceSens model have three parameters, including the
temperature at the onset date of phenophases (Tp), base temperature threshold (Tb) and the length of period
(L) used to calculate the mean temperature when performing regression analysis between phenology and
temperature. A case study on first leaf date of 20 plant species from eastern China shows that the change of
Tp and Tb among different species accounts for interspecific difference in temperature sensitivity. Moreover,
lower Tp at lower latitude is the main reason why spring phenological responsiveness is greater there. These
results suggest that spring phenophases of more responsive, early-season plants (especially in low latitude)
will probably continue to diverge from the other late-season plants with temperatures warming in the future.
P
lant phenology has proven to be a very sensitive indicator for climate change impacts1,2. The observed
change of plant phenology across the globe became notable in responses to recent climate change3–6. The
change in plant spring phenological events and life cycles of animals could significantly impact the structure
and function of ecosystem, e.g. interspecific relation, carbon uptake and nutrient cycling7,8. Furthermore, the
change in phenology can feed back on atmosphere through physical process (e.g. surface albedo and energy
partitioning) or biogeochemical circulation (e.g. carbon cycle)9,10. A better understanding of phenology—climate
interactions are crucial for climate change research.
Many studies in middle and high latitudes demonstrate that the temperature is the main driving force and
interannual modulator of phenological change, while other factors (e.g. photoperiod) only play a secondary role
as limiting factors1. Since the temperature sensitivity of plant phenological stages (phenophases change in days
per degree Celsius) determines the magnitude of phenological shifts in response to future climate warming, more
attention has been paid to it, both in observational records and warming experiment studies11.
Observed evidence shows that the temperature sensitivity of plant spring phenophases exhibited interspecific
and spatial pattern5. Early-season plant species often exhibit stronger temperature sensitivity or faster rate of
phenological change at a fixed site or across the same region12–17. With respect to the spatial pattern, the response
of spring phenophases to temperature is stronger in warmer than in colder countries across Europe4. Likewise, in
China and the United States, the plant phenophases at lower latitudes (warmer sites) show stronger temperature
sensitivity18–21. An interesting question here is why phenological responsiveness to temperature is greater in early-
season plant species or warmer regions. According to recent studies, the interspecific difference in temperature
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sensitivity may be attributed to the difference in life strategy of plant
species22,23 or drivers (abiotic versus biotic) of selection on plant
phenology24. The spatial difference of temperature sensitivity may
be caused by the genetic difference due to the adaptation to local
climate25,26. However, the detailed mechanisms about the interspe-
cific and spatial pattern of phenological response to temperature
remain unclear.
In the present study, we developed a model for estimating tem-
perature sensitivity of spring plant phenophases through parameter-
izing temperature sensitivity from an existing phenological model.
Second, using the derived model, we calculated the temperature
sensitivity of first leaf date (FLD) for 20 woody plant species at 43
sites in China. Third, we discussed the interspecific variation and
spatial patterns of temperature sensitivity across eastern China. Our
overall objectives are to derive a generalized model for calculating
temperature sensitivity of spring phenophases and use it to interpret
the observed interspecific variation and spatial pattern in pheno-
logical response to temperature.
Results
Using a phenological model based on degree day accumulation, the
sensitivity in space (SpaceSens) model for calculating temperature
sensitivity of spring plant phenophases was derived (equation (4), see
Methods section). According to the SpaceSens model, the temper-
ature sensitivity of the spring plant phenophase equals the length of
period (L, which is used for performing linear regression between
phenophases and temperature) divided by the difference between
temperature at the onset date of phenophase (Tp) and base temper-
ature threshold (Tb).
The temperature sensitivity of FLD for 20 plants species in Eastern
China was simulated by using the SpaceSensmodel. The results show
that the temperature sensitivity of FLD varies among different spe-
cies and locations (Figure 1a). For example, on average, Salix baby-
lonica FLD is most responsive with 3.68 days earlier for every 1uC
increase in temperature of the previous month, while the response of
Firmiana platanifolia FLD is minimum, with only 2.10 days earlier
per 1uC increase (Figure 1b). Overall, the temperature sensitivity of
FLD estimated from the SpaceSens model is 22.98 6 0.61 days uC21
(mean 6 standard deviation, n 5 668) for all site/species.
The early leaf unfolding time is associated with greater respon-
siveness to temperature variation across all sites/species, but this
higher sensitivity for early-season species usually breaks down well
before late-April (Figure 1a). If the FLD and its temperature sens-
itivity for each species is averaged over all sites, early-season species is
also connected with stronger temperature sensitivity (Figure 1b, R 5
0.38, P , 0.1). When considering all species at a single site, the
temperature sensitivity of FLD correlated positively with their onset
date in most of 43 sites (e.g. at site 18, R 5 0.51, P, 0.05, Figure 1c).
According to the SpaceSens model, if the L is constant, the temper-
ature at the onset date of phenophase (Tp) and base temperature
threshold (Tb) are the two factors determining the temperature sens-
itivity. Both Tp and Tb increase linearly with the onset date of FLD
(taking Site 18 as an example, Figure 1d). However, the slope of Tb is
less than Tp, which leads to the stronger temperature sensitivity for
earlier phenophases.
The temperature sensitivity of FLD for a specific plant species
highly depends upon latitude, although the relationships are not
linear (Figure S1). Generally, the temperature sensitivity of FLD is
greater at lower latitude than at higher latitude. For most species, the
temperature sensitivity remains stable between 40uN and 50uN (tak-
ing Sophora japonica as an example, Figure 2). From 40uN to 28uN,
the temperature sensitivity gradually becomes stronger. According to
equation (4), the spatial variation of temperature sensitivity is deter-
mined by the spatial pattern of Tp, since Tb and L remain constant
among locations for a specific species. The change of Tp along a
latitudinal gradient is consistent with the latitudinal pattern of tem-
perature sensitivity.
Discussion
The magnitude of phenological response to climate change obtained
by using the SpaceSens model (22.98 6 0.61 days uC21) closely
matches the results of previous studies in Europe and China4,18,27–29.
All these studies showed 2.6 to 6 days advancement in spring pheno-
logical events per uC increase5. Therefore, the SpaceSens model gives
a reliable estimation for temperature sensitivity of spring phenology.
In early spring, the plant species with earlier FLD exhibit the
strongest reactions to temperature change based on the SpaceSens
model. This result coincides with the results of previous studies5,11.
Across late spring, sensitivities are relatively stable (Figure 1a). This
pattern was also documented in a study based on a phenological
dataset in Europe30. Some studies give several possible explanations
for these findings from an ecological perspective. First, the pheno-
logical adaptation related to the life strategy of plant species could
cause the interspecific difference in phenological response22. The
short-lived, early successional species are opportunistic, and usually
adopt amore risky life strategy31. Therefore, the phenological respon-
siveness of opportunistic species to temperature change is stronger
than long-lived, late successional species32. Second, the earlier phe-
nophases are more adapted to extreme low temperature, and thus
followmore closely climate warming, while the later phenophases are
more cautious to advance their spring phenology because they are
more easily to be injured by late frost events33,34. Third, in mid-
latitude temperate systems, biotic factors (e.g. competition between
species for soil resources, light or pollinators) rather than abiotic
factors (e.g. temperature) might dominate phenology during mid-
season periods, when the climate is more stable than the early sea-
son24. This study gives an explanation from the perspective of bio-
meteorology: Tp-Tb correlated positively with the onset date of FLD
(because the slope of Tb is less than Tp, see Figure 1d), which leads to
the stronger temperature sensitivity for earlier phenophases.
Since the early-season species are more responsive to temperature
change, the early-flowering species may flower even earlier than the
late-flowering species if the climate warming continues in the future.
More dispersed flowering times across species would have important
implications. For example, the pollinators, especially which rely on
continuously pollen recourse, may face a challenge to survive17. For
plant species, their competition for pollinators and patterns of
hybridization may be altered13. However, these consequences of
interspecific difference in phenological change need continued and
comprehensive monitoring in the future.
The spatial patterns of temperature sensitivity in the present study
supports the results that the response of spring phenology to tem-
perature in warmer locations or at lower latitudes is stronger than in
colder location or at higher latitudes4,18,19. The local adaptation of
plant phenology to regional climate may be one reason19. For
example, the within-species variations of phenological response to
temperature in Japan were less in the plant populations with lower
genetic diversity26. More studies comparing the phenological res-
ponses between cloned plants and natural plants will be useful for
quantifying the degree of genotypic difference affecting phenological
responses. Our study indicated, even though there is no genotypic
difference within species, the lower Tp at lower latitude (warmer
locations) also can explain the spatial variation of phenological
responsiveness to temperature (Figure 2). However, another study
found that the observational sensitivities of phenology were not
associated with latitude11. We noticed that the phenological obser-
vation data in reference 11 was mainly from the area between 40uN
and 60uN, where the Tp is stable (Figure 2). If their study area is
expanded to more southern area, the temperature sensitivity of
spring phenophases would increase.
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 5 : 8833 | DOI: 10.1038/srep08833 2
Figure 1 | Temperature sensitivity (Tsen) for first leaf date of 20 plant species plotted according to their onset date. (a)Tsen for all site/species; (b)Tsen for
all species averaged from their distribution sites (y 5 0.02x 2 4.7, R2 5 0.15, P 5 0.08). Two plant species showing strongest and weakest temperature
sensitivity are marked with different colors; (c) Tsen for all species at site 18 (y 5 0.03x 2 5.46, R
2 5 0.26, P 5 0.02); (d) Tp: y 5 0.21x 2 7.16; R
2 5 0.98,
P 5 4.4*10216; Tb: y 5 0.13x 2 9.63, R
2 5 0.50, P 5 5.0*1024.
Figure 2 | The temperature at the onset date of phenophase (Tp) and
temperature sensitivity (Tsen) for first leaf date of Sophora japonica
plotted according to latitude. The overall dependence of Tp and Tsen on
latitude is high: for Tp: R
2 5 0.93, y 5 259.98 1 4.922*x 2 0.1059x2 1
7.452*1024x3, n5 41, P, 0.001; forTsen: R
2 5 0.94, y5 238.37 1 2.450*x
2 0.059x2 1 4.204*1024x3, n 5 41, P , 0.001.
Figure 3 | Scheme of sensitivity in space (SpaceSens) model. Bold gray
line represent normal temperature scenario in reference period and thin
red line represent warmer scenario (a specific period with a length of L
before phenophases increased by DT, DTR 0). t0: the staring date of the
degree day calculation; Tb: base temperature threshold; ty: onset date of the
plant phenophase in the normal scenario; ts: the day when temperature
exceed Tb; Tp: temperature at the day ty; ty1: the onset date of plant
phenophase in the warmer scenario.
www.nature.com/scientificreports
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The spatial pattern of temperature sensitivity is a considerable
factor impacting temporal trends of plant phenophases across space.
If the increase in temperature is constant across space, the pheno-
logical trends would be weaker in higher latitude, since the temper-
ature sensitivity is weaker there. Actually, higher latitude has warmed
more than the lower latitude over the past 100 years35. Thus the effect
of weaker temperature sensitivity and stronger warming trend in
high latitude could partially offset each other, which make the lat-
itude not an important factor influencing the phenological trends36.
Furthermore, the observed evidence demonstrates that temper-
ature sensitivity changes with time for specific plant pheno-
phases37,38. For example, the response to a 1uC increase in spring
(March–May) temperature during a 30-year shifting time window
was 22.5 to 25 days in Switzerland and 22.5 to 215 days in the UK
from 1753 to 195839. In Beijing, China, the temperature sensitivity of
first flowering date for 20 species during the 1990–2007 are shown to
be greater than during the previous period (1963–1989), with a dif-
ference of 20.87 days per 1uC on average15. In this study, we use the
average climate from 1961 to 1990 as the normal scenario to calculate
temperature sensitivity. If using climate in other periods, the esti-
mated temperature sensitivity is expected to be different. So the
temporal shift of temperature sensitivity also can be explained by
employing our SpaceSens model.
A prevalent decline in the temperature sensitivity of spring pheno-
logy with increasing local spring temperature variance was found at
the species level from ground observations40. Through our analysis,
local spring temperature variance (the multiyear averaged stan-
dard deviation of daily detrended air temperature from March to
May) correlated significantly and positively with latitude (R 5
0.49, P, 0.01, Figure S2). Therefore, higher latitude was associated
with greater spring temperature variance and lower temperature
sensitivity. This explains the result that temperature sensitivity
declines with increasing local spring temperature variance40.
Methods
Model development. We adapt an existing phenological model to derive a
generalized description of temperature sensitivity of spring plant phenophases. The
degree day model (also called thermal time model) based on the linearity between
development rate of plant and temperature has been well used in phenological
studies41–43. The equation of the degree day model is:
Xty
t0
max(0,xt{Tb)~Fi ð1Þ
where xt is the daily mean temperature at the day t. Tb is the base temperature
threshold for temperature accumulation. Fi is the critical value of degree days for
onset of the plant phenophase at site i. ty is the onset date of the plant phenophase. to is
the start date of the degree days calculation. The degree day model implicitly assumes
that environmental conditions (e.g. chilling requirement or day length) required to
break dormancy have been met before t041.
The degree daymodel of a specific plant can only be applied at a single site, since the
critical value of degree days sum for onset of the plant phenophase is different among
different locations44. The previous experiments showed that degree day required to
budburst decreases exponentially with increased amount of previous chilling43,45–47.
Therefore, Fi can be described as an exponential function of coldness of the winter48:
Fi~dze  exp(Ci=f ) ð2Þ
where d, f, e are constant parameters.Ci is themeanwinter temperature (December to
February) at site i during a reference period (1961–1990). Equation (1) and (2)
constitute the spatio-temporal phenological model.
In phenological studies, the temperature sensitivity of phenophases is usually
measured as the slope coefficient of a linear regression model with phenophase as the
dependent variable and temperature during a specific period before the mean phe-
nophase as the independent variable. According to the principle of the spatio-tem-
poral model (Figure 3), if the temperature during above-mentioned specific period
Figure 4 | Locations of 43 phenological observation sites for studying the spatial pattern of temperature sensitivity. The software ArcGis 9.3 was used to
create the map.
www.nature.com/scientificreports
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(with a length of L) increased by DT (DTR 0), the increased degree days due to the
temperature rise and the decreased degree days due to phenological advance should
be equal (i.e. the areas of the two blue regions shown in Figure 3 should be equal). The
equation could be expressed as follows:
DT|L~(ty{ty1)|(Tp{Tb) ð3Þ
where ty is the onset date of the plant phenophase in the normal scenario. TP is the
temperature on date ty. ty1 is the onset date of plant phenophases in the warmer
scenario. L is length of period, which is used for performing linear regression between
phenophases and temperature (note that L is usually less than ty 2 ts, where ts is the
day when the temperature exceed Tb).
Temperature sensitivity of phenophases (Tsen) can be regarded as the number of
days changed in phenophases (Dt) divided by the change in temperature in degrees
Celsius (DT). According to equation (3), the equation for Dt/DT is derived:
Tsen~
Dt
DT
~
ty1{ty
DT
~{
L
Tp{Tb
ð4Þ
where Tsen is the temperature sensitivity of the plant phenophase; the meanings of
three parameters (L, Tb and Tp) are same with equation (3). Hereafter, we call
equation (4) sensitivity in space (SpaceSens) model.
Data source and statistical analysis.A total number of 5004 FLD observations for 20
woody plants from 43 sites with altitude less than 350 meters a.s.l. in eastern China
were selected for calibration of the phenological models (Figure 4). The phenological
data (1963–2009) was from the China Phenological Obsevation Network (CPON,
http://www.cpon.ac.cn/). Phenology of each species was observed at 11 to 23 sites.
The phenological time series have various lengths at different sites ranging from 1 to
37 years. According to the obsevation criteria of CPON, FLD was defined as the date
when a individual formed a full first leaf. Usually, for each plant species, only one
individual was observed at each site. If more than one individual is observed, the
reported date is the average among all individuals of the same species. The sites span a
wide latitudinal range (between 28uN and 49uN) and have a temperate or subtropical
monsoon climate49. The daily mean temperature data from 1961 to 2009 at these sites
were downloaded from the China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn/cdc_en/home.dd).
Because the dataset from CPON included more than 600 plant species, we selected
a number of typical woody species following these specific criteria: (1) the species
must be a widespread plant which has been observed atmore than 10 sites, because we
want to study the spatial pattern of phenological responses; (2) the data of a species
have as many observations as possible in order to calibrate the phenological models
more accurately. As a result, 20 widespread plant species which have most abundant
data were selected to investigate the interspecific and spatial difference of temperature
sensitivity (Table 1). The current distribution range of each plant species was taken
from a comprehensive atlas of woody plants in China50. Model parameters (t0,Tb, d, e,
f) of spatio-temporal phenological model for simulating first leaf dates (FLD) were
calibrated by Ge et al.48. External validation with independent observations in Ge et
al.48 indicates that the model simulates FLD with a mean root-mean-square error
(RMSE) of 6 days (see Table S1). The annual FLD of these 20 woody plants at sites
within their present distribution rangewere simulated applying themodel parameters
in Table S1. The mean FLD of these species across their distribution sites all occurred
in spring (from 20 March to 21 April, Table 1).
For caculating temperature sensitivities, daily mean temperature time series were
averaged over the reference period 1961–1990 for each site. Such daily mean tem-
perature series can be regarded as temperature in the normal scenario (see Figure 3).
The methods of estimating three variables in SpaceSens model were the following:
(1) Tp is a variable, which depends on species, sites and climatological mean.
Firstly, we calculated the onset date of FLD (ty) in the normal scenario for
each species/site by using the spatio-temporal phenological model described in
Ge et al48 (see above). ThenTPwasmeasured as the temperature at ty (Figure 3).
(2) Tb is a species-specific variable, which was given through calibration of model
parameters (Table S1).
(3) Because our goal was to compare the pattern of temperature sensitivity derived
from our SpaceSens model with that derived from regression analysis, the
value of L should follow the convention in phenological studies based on
regression analysis. For most studies, the length of specific period (L) consid-
ered for regressing phenology against temperature is one (or two) month or a
number of days before the mean phenophases, and remained the same for all
species and at all sites4,13,14,51. Thus we set L to 30 days as commonly used. In
addition, since L did not vary with species and sites, the value of L would not
affect the spatial and interspecific patterns of temperature sensitivity.
Consequently, the temperature sensitivities of FLD for each species/site could be
estimated by using equation (4). At last, the relationship between the temperature
sensitivity and FLD of 20 plant species at a fixed site and the relationship between the
temperature sensitivity of FLD and latitude for a specific plant species were inter-
preted through regression analysis.
1. Cleland, E. E., Chuine, I., Menzel, A., Mooney, H. A. & Schwartz, M. D. Shifting
plant phenology in response to global change. Trends Ecol Evol. 22, 357–365
(2007).
2. Sparks, T. H. & Menzel, A. Observed changes in seasons: An overview. Int J
Climatol. 22, 1715–1725 (2002).
3. Ge, Q., Wang, H., Rutishauser, T. & Dai, J. Phenological response to climate
change in China: A meta-analysis. DOI:10.1111/gcb.12648, Global Change Biol.
(2014).
4. Menzel, A. et al. European phenological response to climate change matches the
warming pattern. Global Change Biol. 12, 1969–1976 (2006).
5. Rosenzweig, C. et al. [Assessment of observed changes and responses in natural
and managed systems] Climate Change 2007: Impacts, Adaptation and
Vulnerability. Contribution of Working Group II to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change [Parry, M. L., Canziani, O. F.,
Palutikof, J. P., van der Linden P. J. & Hanson, C. E. (eds)] [79–131] (Cambridge
University Press, Cambridge, 2007).
6. IPCC. [Summary for policymakers] Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Field, C. B., Barros, V. R., Dokken, D. J., Mach, K. J., Mastrandrea, M. D.,
Bilir, T. E., Chatterjee, M., Ebi, K. L., Estrada, Y. O., Genova, R. C., Girma, B.,
Table 1 | Twenty plant species, their distribution ranges and first leaf date (FLD) averaged from sites within respective distribution range in
eastern China. N: the latitude at the northern range limit; S: the latitude at the southern range limit. SD: standard deviation of FLD across sites
within respective distribution range
No. Species Scientific name FLD (month/date) SD (days) N S
1 Chinese ash Fraxinus chinensis 4/10 17.9 46 22
2 Ailanthus Ailanthus altissima 4/17 16.1 46 22
3 Chinaberry tree Melia azedarach 4/15 7.6 39 19
4 Dragon tree Paulownia fortunei 4/7 7.8 35 20
5 Wild apricot Armeniaca vulgaris 4/6 17.8 45 22
6 Early lilac Syringa oblata 3/27 14.1 42 29
7 Goldenrain tree Koelreuteria paniculata 4/7 15.6 43 24
8 Rose of sharon Hibiscus syriacus 4/8 12.2 40 19
9 White mulberry Morus alba 4/19 19.2 49 19
10 Chinese parasol tree Firmiana platanifolia 4/20 10.8 41 19
11 Siberian elm Ulmus pumila 4/11 20.4 54 23
12 Chinese redbud Cercis chinensis 3/26 10.8 36 23
13 Peach Amygdalus persica 3/20 11.0 36 19
14 Pagoda tree Sophora japonica 4/19 18.7 49 22
15 Persian silk tree Albizia julibrissin 4/21 11.2 41 20
16 Paper mulberry Broussonetia papyifera 4/14 11.0 41 19
17 Weeping willow Salix babylonica 3/24 21.8 48 19
18 Maidenhair tree Ginkgo biloba 4/7 12.3 42 25
19 Chinese wingnut Pterocarya stenoptera 3/30 16.7 42 22
20 Persian walnut Juglans regia 4/10 15.0 45 29
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 5 : 8833 | DOI: 10.1038/srep08833 5
Kissel, E. S., Levy, A. N., MacCracken, S., Mastrandrea, P. R. &White, L. L. (eds)]
[1–32] (Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA, 2014).
7. Schwartz, M. D., Hanes, J. M. & Liang, L. Comparing carbon flux and high-
resolution spring phenological measurements in a northern mixed forest. Agr
Forest Meteorol. 169, 136–147 (2013).
8. DeLucia, E. H., Nabity, P. D., Zavala, J. A. & Berenbaum, M. R. Climate change:
Resetting plant-insect interactions. Plant Physiol. 160, 1677–1685 (2012).
9. Pen˜uelas, J., Rutishauser, T. & Filella, I. Phenology feedbacks on climate change.
Science. 324, 887–888 (2009).
10. Morisette, J. T. et al. Tracking the rhythm of the seasons in the face of global
change: Phenological research in the 21st century. Frontiers in Ecology and the
Environment. 7, 253–260 (2008).
11. Wolkovich, E. M. et al. Warming experiments underpredict plant phenological
responses to climate change. Nature. 485, 494–497 (2012).
12. Abu-Asab, M. S., Peterson, P. M., Shetler, S. G. & Orli, S. S. Earlier plant flowering
in spring as a response to global warming in the Washington, DC, area. Biodivers
Conserv. 10, 597–612 (2001).
13. Fitter, A. H. & Fitter, R. Rapid changes in flowering time in British plants. Science.
296, 1689–1691 (2002).
14. Menzel, A. Plant phenological anomalies in Germany and their relation to air
temperature and NAO. Climatic Change. 57, 243–263 (2003).
15. Bai, J., Ge, Q. & Dai, J. The response of first flowering dates to abrupt climate
change in Beijing. Adv Atmos Sci. 28, 564–572 (2011).
16. Miller-Rushing, A. J., Inouye, D. W. & Primack, R. B. How well do first flowering
dates measure plant responses to climate change? The effects of population size
and sampling frequency. J Ecol. 96, 1289–1296 (2008).
17. Miller-Rushing, A. J. et al. Impact of global warming on a group of related species
and their hybrids: Cherry tree (Rosaceae) flowering atMt. Takao, Japan.Am J Bot.
94, 1470–1478 (2007).
18. Dai, J.,Wang, H. &Ge, Q. The spatial pattern of leaf phenology and its response to
climate change in China. Int J Biometeorol. 58, 521–528 (2014).
19. Chen, X. & Xu, L. Phenological responses of Ulmus pumila (Siberian Elm) to
climate change in the temperate zone of China. Int J Biometeorol. 56, 695–706
(2012).
20.Wang, H., Dai, J., Zheng, J. &Ge, Q. Temperature sensitivity of plant phenology in
temperate and subtropical regions of China from 1850 to 2009. Int J Climatol.
DOI:10.1002/joc.4026 (2014).
21. Wang, H., Ge, Q., Dai, J. & Tao, Z. Geographical pattern in first bloom variability
and its relation to temperature sensitivity in theUSA and China. Int J Biometeorol.
DOI 10.1007/s00484-014-0909-2 (2014).
22. Caffarra, A. & Donnelly, A. The ecological significance of phenology in four
different tree species: Effects of light and temperature on bud burst. Int J
Biometeorol. 55, 711–721 (2011).
23. Craine, J.M.,Wolkovich, E.M.&Towne, E. G. The roles of shifting and filtering in
generating community-level flowering phenology. Ecography. 35, 1033–1038
(2012).
24.Wolkovich, E. M., Cook, B. I. & Davies, T. J. Progress towards an interdisciplinary
science of plant phenology: Building predictions across space, time and species
diversity. New Phytol. 201, 1156–1162 (2014).
25. Doi, H. Response of the Morus bombycis growing season to temperature and its
latitudinal pattern in Japan. Int J Biometeorol. 56, 895–902 (2012).
26. Doi, H., Takahashi, M. & Katano, I. Genetic diversity increases regional variation
in phenological dates in response to climate change. Global Change Biol. 16,
373–379 (2010).
27. Matsumoto, K., Ohta, T., Irasawa, M. & Nakamura, T. Climate change and
extension of theGinkgo biloba L. Growing season in Japan. Global Change Biol. 9,
1634–1642 (2003).
28. Chmielewski, F. M. & Ro¨tzer, T. Response of tree phenology to climate change
across Europe. Agr Forest Meteorol. 108, 101–112 (2001).
29. Donnelly, A., Jones, M. B. & Sweeney, J. A review of indicators of climate change
for use in Ireland. Int J Biometeorol. 49, 1–12 (2004).
30. Cook, B. I. et al. Sensitivity of spring phenology to warming across temporal and
spatial climate gradients in two independent databases. Ecosystems. 15,
1283–1294 (2012).
31. Chuine, I. & Cour, P. Climatic determinants of budburst seasonality in four
temperate-zone tree species. New Phytol. 143, 339–349 (1999).
32. Ko¨rner, C. & Basler, D. Phenology under global warming. Science. 327, 1461–1462
(2010).
33. Scheifinger, H., Menzel, A., Koch, E. & Peter, C. Trends of spring time frost events
and phenological dates in Central Europe. Theor Appl Climatol. 74, 41–51 (2003).
34. Ge, Q., Wang, H. & Dai, J. Shifts in spring phenophases, frost events and frost risk
for woody plants in temperate China. Clim Res. 57, 249–258 (2013).
35. Jones, P. D. et al. Hemispheric and large-scale land-surface air temperature
variations: An extensive revision and an update to 2010. J Geophys Res. 117,
D5127 (2012).
36. Parmesan, C. Influences of species, latitudes and methodologies on estimates of
phenological response to global warming. Global Change Biol. 13, 1860–1872
(2007).
37. Rutishauser, T., Luterbacher, J., Defila, C., Frank, D. & Wanner, H. Swiss spring
plant phenology 2007: Extremes, a multi-century perspective, and changes in
temperature sensitivity. Geophys Res Lett. 35, L5703 (2008).
38. Ge, Q., Wang, H., Zheng, J., Rutishauser, T. & Dai, J. A 170 year spring phenology
index of plants in eastern China. J Geophys Res: Biogeosciences. 119, 301–310
(2014).
39. Rutishauser, T. et al. Temperature sensitivity of Swiss and British plant phenology
from 1753 to 1958. Clim Res. 39, 179–190 (2009).
40. Wang, T. et al. The influence of local spring temperature variance on temperature
sensitivity of spring phenology. Global Change Biol. 20, 1473–1480 (2014).
41. Linkosalo, T., Ha¨kkinen, R. & Ha¨nninen, H. Models of the spring phenology of
boreal and temperate trees: Is there something missing? Tree Physiol. 26,
1165–1172 (2006).
42. Hunter, A. F. & Lechowicz, M. J. Predicting the timing of budburst in temperate
trees. J Appl Ecol. 29, 597–604 (1992).
43. Chuine, I. A unifiedmodel for budburst of trees. J Theor Biol. 207, 337–347 (2000).
44. Bennie, J., Kubin, E., Wiltshire, A., Huntley, B. & Baxter, R. Predicting spatial and
temporal patterns of bud-burst and spring frost risk in north-west Europe: The
implications of local adaptation to climate. Global Change Biol. 16, 1503–1514
(2010).
45. Cannell, M. G. R. & Smith, R. I. Thermal time, chill days and prediction of
budburst in Picea sitchensis. J Appl Ecol. 20, 951–963 (1983).
46.Murray, M. B., Cannell, M. & Smith, R. I. Date of budburst of fifteen tree species in
Britain following climatic warming. J Appl Ecol. 26, 693–700 (1989).
47. Heide, O.M.Daylength and thermal time responses of budburst during dormancy
release in some northern deciduous trees. Physiol Plantarum. 88, 531–540 (1993).
48. Ge, Q., Wang, H. & Dai, J. Simulating changes in the leaf unfolding time of 20
plant species in China over the twenty-first century. Int J Biometeorol. 58,
473–484 (2014).
49. Zhao, S. Physical geography of China [Zhao, S. (eds)] [1–209] (Science Press,
Beijing, China, 1986).
50. Fang, J. Y., Wang, Z. H. & Tang, Z. R. Atlas of woody plants in china: Distribution
and climate [Fang, J. Y., Wang, Z. H. & Tang, Z. R. (eds)] [1–2020] (Higher
Education Press, Beijing, 2009).
51. Dai, J., Wang, H. & Ge, Q. Multiple phenological responses to climate change
among 42 plant species in Xi’an, China. Int J Biometeorol. 57, 749–758 (2013).
Acknowledgments
This research was supported by Project of National Natural Science Foundation of China
(NSFC, No.: 41030101 and 41427805), National Basic Research Program of China (No.:
2012CB955304), NSFC project (No.: 41171043), and ‘‘Strategic Priority Research Program -
Climate Change: Carbon Budget and Relevant Issues’’ of the Chinese Academy of Sciences
(No.: XDA05090301).
Author contributions
H.W. and J.D. designed the research, H.W., Q.G. and R.T. contributed to interpreting the
results and writing the main text. Y.D. helped to modify the model H.W. prepared the
figures. All authors reviewed the manuscript.
Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports
Competing financial interests: The authors declare no competing financial interests.
How to cite this article:Wang,H., Ge,Q., Rutishauser, T., Dai, Y. &Dai, J. Parameterization
of temperature sensitivity of spring phenology and its application in explaining diverse
phenological responses to temperature change. Sci. Rep. 5, 8833; DOI:10.1038/srep08833
(2015).
This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce thematerial. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 5 : 8833 | DOI: 10.1038/srep08833 6
